. Dissociation of Heat Shock-Activated Drosophila HSF Trimers (A) Gel mobility shift assay (upper panel) and Western blotting (lower panel) showing HSE-binding activity from crude and purified HSF fractions prepared from heat-shocked SL2 cells. About 10 ng HSF proteins (in 10 l) were equilibrated in buffer containing 10 mM Tris·Cl (pH 7.5), ‫051ف‬ mM KCl, 0.5 mM EDTA, 0.5 mM dithiothreitol (DTT), 0.5 mM PMSF, and 5% glycerol for 12 hr at 4ЊC or 25ЊC, followed by gel mobility shift assay or Western blotting. Control (C): whole-cell extract without equilibration (lane 1). (B) Superose 12 gel filtration and Western blotting analysis of HSF. About 50 ng HSF purified by DNA-affinity chromatography (in 25 l with 0.2 mg/ml bovine serum albumin) was incubated overnight at 4ЊC or 25ЊC, followed by chromatography. The control sample without equilibration was run in parallel. Fractions (40 l) were collected and analyzed by 8% SDS-PAGE and protein immunoblotting. lanes 3, 5, 7, and 9; Figure 1B ). The stability of HSF during the overnight incubation was confirmed by Western blotting ( Figure 1A , lower panel).
Dissociation of HSF trimers was also observed using and an increase upon reconcentration (data not shown).
at 4ЊC or 20ЊC for the indicated times and analyzed by Superose 6
The rate of trimer dissociation showed temperature de- , reto-monomer dissociation of HSF at 20ЊC from the equilibrium distributions of the two forms of HSF. The K d 's spectively (Table 1 ). The essentially identical K d 's for heat treatment ( Figure 3C ). The sequential induction, et al., 1996) . below).
Sensitivity to H2O2 but Not Other Chemical Inducers HSF purified from nonshocked and heat-shocked Sf9 cells suggest that covalent modifications induced by
We examined whether other known inducers of the heat shock response might directly enhance HSF trimer forheat shock, at least in this expression system, have no effect on trimerization. The Kd for endogenous HSF mation. Interestingly, 2,4-dinitrophenol, arsenite, ethanol, salicylate, and indomethacin, inducers of HSF tripurified from heat-shocked SL2 cells was similarly determined to be 0.22 M 2 , although this value is less merization or DNA binding in intact cells (Ashburner and Bonner, 1979; Zimarino and Wu, 1987; Clos et al., 1993 ; accurate due to difficulty in measuring the low concentration of the protein. Notwithstanding a small difference Lee et al., 1995; unpublished data) , had no significant effects on the trimerization of Drosophila HSF in vitro, in the K d 's between the endogenous and overproduced HSFs, the nuclear concentration of HSF (estimated to indicating that they are not likely to act directly on HSF in vivo (Table 1) . By contrast, the inducer H 2 O 2 was found be ‫21.0ف‬ M) indicates that there should be substantial dissociation to the monomeric state when cells are to enhance HSF trimer formation (‫-8ف‬fold decrease in K d ; Table 1 ). Increased trimerization of HSF in vitro was equilibrated under normal conditions. An even greater predominance of monomers would occur if some fracevident with 100 M H2O2, reaching a plateau at 500 M H2O2 ( Figure 4A ). The in vitro response to H2O2 at 20ЊC tion of HSF were present in the cytoplasm.
was less rapid than the response to heat induction at 36ЊC but nonetheless reached half-maximum between HSF Is Reversibly Sensitive to Temperature We next analyzed the sensitivity of purified HSF to ele-15-30 min (data not shown). Increased trimerization was also observed when SL2 cells were treated with H 2 O 2 , vated temperature, the principal inducer of the heat shock response. When bac-HSF (0.5 M, near the K d ) an effect not previously reported ( Figure 4B ). In addition, DNA binding activity in vitro could be inwas equilibrated at 20ЊC and then shifted to higher temperatures, the trimer population showed a sigmoidal duced by treatment of HSF with H 2 O 2 , similar to the previously reported H 2 O 2 induction of DNA binding activincrease from 37% to 66% over a 20Њ-40ЊC temperature rise, with the greatest increase occurring between 28Њ-ity in vivo ( Figure 4C ) . Together with early observations that H 2 O 2 can induce heat shock gene 36ЊC ( Figure 3A ). We calculated the K d for trimer dissociation at 36ЊC to be 0.05 M 2 , a 10-fold decrease from the transcription in cultured cells and in isolated polytene nuclei (Compton and McCarthy, 1978; Bonner, 1981 ; Kd at 20ЊC (Table 1) . Kinetic analysis of trimer induction in vitro showed that maximal induction was attained by 5
Courgeon et al., 1990), our results indicate that the chemical oxidation of HSF may have a physiological role min, remaining constant over several hours at 36ЊC (Figure 3B ). The induction of trimers was reversible; when in its activation. Thus, Drosophila HSF joins a growing number of cellular regulators that can be directly influ-HSF was returned from 36ЊC to 20ЊC, the percentage of trimers decreased to the original level over 6 hr ( Figure  enced by oxidative signals, including the eukaryotic transcription factors NF-B and AP-1, Fos and Jun, and 3B). The specific DNA binding activity was also progressively increased when HSF (0.2 M) equilibrated in vitro the bacterial regulators OxyR and SoxR (reviewed in Sen and Packer, 1996; Jamieson and Storz, 1997) . Interat 20ЊC was briefly heated to 30ЊC, 33ЊC, and 36ЊC (Figure 3C ). This in vitro induction of DNA binding activity estingly, a combined treatment of HSF with H 2 O 2 and heat shock showed a synergistic effect on the K d at 36ЊC was reversible upon return to 20ЊC; moreover, the deactivated HSF was reinducible upon a second (Table 1 ). Derepressed HSF (1-585) Mutant Is Insensitive not further decreased (an insignificant increase was observed) when the mutant protein was treated in vitro to Stress Previous cell transfection studies with mutant Drosophwith a heat shock or with H 2 O 2 (Table 1) . This finding shows unambiguously that removal of the C-terminal ila and mammalian HSF genes have indicated that the activity of the trimerization domain of HSF1 is negatively domain results in a substantial enhancement of HSF trimerization and reveals that the uninhibited protein is regulated under nonshock conditions by a C-terminal region (Nakai and Morimoto, 1993; no longer sensitive to the heat or oxidation signal. 1993; Zuo et al., 1994) . In those experiments, the intrinsic trimerization behavior of the HSF proteins mutated in Discussion the C-terminal regulatory domain could not be entirely separated from the effects of increased HSF concentraIn this report, we describe in vitro conditions whereby the DNA binding, trimeric form of Drosophila HSF can tions produced in cells upon transfection. To clarify the issue, we investigated the equilibrium distribution of be reversibly deactivated to the monomeric state. Full deactivation of purified HSF requires dilution to a conmonomers and trimer forms for a purified Drosophila HSF mutant (HSF 1-585) lacking the C-terminal domain centration significantly below the K d for the trimer-tomonomer transition, and allowance for a sufficient pe- . As shown in Table 1 , the K d for HSF (1-585) was 0.019 M 2 at 20ЊC, a 28-fold decrease riod of equilibration, which occurs with slow kinetics (4 hr at 20ЊC and 48 hr at 4ЊC). These findings enabled from the K d for wild-type HSF. Importantly, the K d was capable of sensing elevated temperatures in the physiological range, and of transducing the thermal signal to a change in trimer association and DNA binding activity.
How might the direct action of heat or H 2 O 2 enhance the formation of HSF trimers? Trimerization is mediated by N-terminal hydrophobic heptad repeats whose propensity to associate as a three-stranded ␣-helical coiled-coil is repressed under nonshock conditions by the C-terminal region of HSF (Nakai and Morimoto, 1993; Rabindran et al., 1993; Zuo et al., 1994) . The occurrence of a conserved hydrophobic heptad repeat in this region has led to the suggestion that repression could involve an intramolecular coiled-coil formed between the N-terminal and C-terminal heptad repeats . Independent of the actual regulatory architecture, our results suggest a model for activation of HSF by a heat-or oxidation-induced conformational change that unmasks the hydrophobic heptad repeats of the trimerization domain, thereby allowing assembly of the trimeric coiled-coil. Consistent with this view, analysis of a mutant HSF lacking the C-terminal repressive domain [HSF(1-585)] revealed substantially enhanced trimerization (28-fold decrease of the K d ), and this enhancement was not further affected by treatment with heat or H 2 O 2 ( Table 1) . The active site(s) of sensitivity to heat or oxidation on HSF are as yet undefined. The C-terminal region that constrains the trimerization motif could be the site of heat or oxidation sensitivity, or alternatively, the sensor could be established elsewhere on HSF and could function by allostery (there are 26 methionines throughout HSF and one cysteine in the DNA binding domain that could be subject to reversible oxidation). could be induced in crude cell extracts (Larson et al., glycerol, and 0-2 mM H 2 O 2 at 20ЊC for 12 hr and subjected to Su-1988; Mosser et al., 1990; Zimarino et al., 1990 ) and with perose 6 gel filtration chromatography. The percent trimer was derived as in Figure 2 legend. Insets show typical gel filtration profiles a previous finding that Drosophila HSF is constitutively of bac-HSF(NS) at 0 mM (left) and 2 mM H2O2 (right). We found that active when expressed in human cells at 37ЊC (Clos et concentrations of HSF, a 10-fold change in the trimerization constant would increase the trimer population only analysis of the equilibrium distributions of the monomer by ‫.%04ف‬ However, this percentage should be inand trimer forms of HSF in vitro at normal and heat creased by depletion of the free trimer population by shock temperatures. We found that trimerization and high-affinity binding to chromosomal DNA sites, thereby DNA binding of HSF was reversibly enhanced at heat shifting the equilibrium further in the direction of the shock temperatures, with an ‫-01ف‬fold change in the trimeric species. As heat and H2O2 show synergistic efvalue of the K d between 20ЊC and 36ЊC. The results fects on HSF in vitro, the effects of high temperature may also be amplified by secondary, oxidative effects clearly demonstrate that HSF is directly and reversibly on ice before agarose gel electrophoresis at room temperature.
in cells (Burdon et al., 1990; Malyshev et al., 1995) . Other
Western blotting was performed as described previously (Rabindran factors such as the heat shock proteins associate with et al., 1994) , using polyclonal antibodies against Drosophila HSF HSF and in some cases influence its activity when anaand enhanced chemiluminescence detection (ECL, Amersham). lyzed in cells (Boorstein and Craig, 1990; Abravaya et Typically, about 5 l whole-cell extract or 10-20 ng HSF equivalent al., 1992; Baler et al., 1992; Mosser et al., 1993; Schle- was analyzed per sample. singer and Ryan, 1993; Kim et al., Gel Filtration Chromatography 1995; Shi et al., 1998) despite cycloheximide inhibition of new heat shock proFor highly purified HSF and bac-HSFs, the elution profiles at 215 tein synthesis (Zimarino and Wu, 1987) . Nevertheless, nm were recorded. The trimer equilibrium dissociation constant is we have noted that the DNA binding activity of Drosoph- perature response (unpublished data). Furthermore, human HSF1 is activated at 37ЊC (its normal temperature)
Determination of Intracellular HSF Concentration
in Drosophila cells , suggesting that
The number of HSF polypeptides per SL2 cell was determined by secondary effects of heat stress in a Drosophila cell quantitative immunoblotting to be 30,000 Ϯ 3,000. The nuclear conenvironment can completely bypass high temperature centration was calculated to be 120 Ϯ 30 nM, using an estimated induction of DNA binding for the human protein.
cellular volume of (1.5 Ϯ 0.1) ϫ 10 Ϫ12 l, and a nuclear volume to be 27% Ϯ 5% of cell volume. ‫2.1ف(‬ ϫ 10 7 cells/ml) received a single dose of H2O2 (0-200 M), followed by incubation at 23ЊC for 0-20 min with constant shaking at 200 rpm. The heat-shocked control samples were incubated at Experimental Procedures 36ЊC for 20 min. At the end of treatment, cells were collected and washed with cold phosphate-buffered saline (pH 7.4), and whole-HSF Purification Drosophila Schneider Line 2 (SL2) cell culture, heat shock treatment, cell extracts were prepared as described previously . nuclear extraction, and HSF purification followed published protocols , with minor modifications. In brief, nuclear extracts of heat-shocked spinner culture SL2 cells ‫03ف(‬ l) were Acknowledgments sequentially purified on heparin Sepharose CL-6B, HSE-agarose, and Mono S columns, to 90% homogeneity. Bac-HSFs were exWe are grateful to J. Wisniewski for constructing the wild-type Dropressed in Sf9 (Spodoptera frugiperda) cells infected with baculovisophila hsf baculovirus expression vector. We would like to thank rus carrying the Drosophila hsf cDNA inserted with no additional Y. Bai, J. Hurley, N. R. Kallenbach, C. Klee, G. Marchler, P. Wagner, residues in pBlueBac (Invitrogen) for full-length HSF protein or in G. Storz, M. Zheng, and members of our laboratory for helpful disBaculoGold (Pharmingen) for C-terminal truncation mutant (1-585).
cussion and comments. This work was supported by the Intramural Whole-cell extracts were prepared from either nonshocked or heat- ) and quantitative Western blotting, respectively. References Abravaya, K., Myers, M.P., Murphy, S.P., and Morimoto, R.I. (1992).
Gel Mobility Shift Assay and Western Blotting Analysis
Gel mobility shift assays were conducted according to Zhong et al.
The human heat shock protein hsp70 interacts with HSF, the transcription factor that regulates heat shock gene expression. Genes (1996), with modifications for bac-HSF: after in vitro induction, ‫03ف‬ ng HSF was mixed with labeled HSE (final volume 15 l) and held Dev. 6, 1153-1164.
